In this paper the enhancement of an introductory Finite
Introduction
In this educational project instructional modules and examples are created for analyzing various structural members using the Abaqus software, a well-known Finite Element Analysis (FEA) package used in many research institutions and prestigious engineering schools in the United States and around the world. Even though a number of electronic tutorial files accompany this comprehensive software packages, these files in their presented format are not suited for direct utilization in a course. In the current project, the investigator has prepared an easier and more practical guide for students to be able to use this sophisticated simulation package. The instructional modules and examples created in this project are developed to complement the CENG 5336 (Introduction to Finite Elements) course, a technical elective in the Civil Engineering program at Georgia Southern University which has never been taught previously in the CE program. These modules provide an overview of some of the most powerful features of this package and aid in introducing the users to various Abaqus special components and commands. Each example is selected to demonstrate the utility of a particular feature of the software in accomplishing a new task, a task which was not required in the previous examples. Developed tutorials essentially provide the details related to performing the following listed activities using the order indicated.
(1) Creating a part (2) Creating a material (3) Defining and assigning section properties (4) Assembling the model (5) Creating an analysis step (6) Requesting data output (7) Applying boundary conditions (8) Applying loads (9) Meshing the model (10) Creating an analysis job (11) Checking the model (12) Running an analysis job (13) Post processing.
Even though the analysis of any structural member using Abaqus mainly involves undertaking the above listed tasks, the intricacies involved in each of these steps can significantly be different depending on the special type of problem analyzed and the analysis method selected. Tutorial examples developed in this project cover the analysis of structural members such as (1) trusses, (2) beams, (3) frames, and (4) solid continuum elements. The project will continue so that other examples can be developed for investigating more complicated problems such as those involving non-linear structures and structures subjected to dynamic loads.
The following two factors can be perceived as possible drawbacks in utilization of this sophisticated tool in a FE course; (a) the cost of the package, and (b) the steep learning curve associated with the software. Each one of these issues has been addressed in the project. It should be noted that even though the commercial cost for purchasing this package is relatively high, the Dassault Systems offers substantially discounted educational licenses of the full version of the software for classroom use. Additionally, the student version of Abaqus can be downloaded free of charge from the Dassault Systems website. The free student version of the software is the essentially the full commercial version, limited to handling models containing up to one thousand nodes. It is deemed that this number of nodes is sufficient enough for the purpose of modeling a variety of structural components in an introductory finite element course. The student can download this free version on their personal computers and use it as they wish to master their expertise. The second possible drawback associated with the steep learning curve of the software has been addressed by creating a series of tutorials in the course as further discussed in more details in the remaining sections of the paper.
In this course the students are instructed to construct and analyze a variety models for structures such as trusses, beams, frames, and various other solid continuums. Some of these structures are taken from well-known textbooks such as the one listed in the reference section of the paper [1] [2] [3] [4] [5] [6] [7] [8] . Several of these textbooks are currently adopted for use in the Civil Engineering program at the authors' institution.
The Finite Element solutions for several of the examples used in the course are provided in the paper to better illustrate the scope of the project. In performing the special tasks needed for each selected sample problem, a series of steps have to be followed in succession in order to yield the correct solution. In most cases, these steps involve selection of various options in specific menus, submenus, and dialog boxes of the software interface. Remembering and following these steps without having a properly prepared guide can be a difficult and confusing task. For the sample problems such as the ones presented in this paper, a step-by-step guide is prepared to outline the needed procedures. In preparing these guides, screenshots of various important stages of the procedures are included to clearly outline the sequence of required steps. The prepared guides will be of utmost importance in completing the assigned exercises.
Once the students are familiarized with the special features of this comprehensive software tool using the provided tutorial examples, they are assigned to develop the solutions for other more complicated problems using their newly acquired skills. Solving these new problems will provide an excellent opportunity for students to test their understanding, gain further experience, and further enhance their competencies in utilizing this tool. Utilization of Abaqus in this course in the manner described will prepare the students for pursuing rewarding professional and academic careers.
Truss Analysis
The first type of structure the students are assigned to analyze in the course is a simple truss such as the one presented in Figure 1 . By completing this exercise the students learn how to perform the thirteen essential operations involved in the finite element analysis of a part utilizing Abaqus. These operations were listed in the previous section of the paper. The tools used for initiating each of the thirteen tasks can be seen on the left hand-side of the screen shown in Figure 1 . In addition to experimenting with these tools, in this exercise the students specifically learn how to create various cross sectional profiles and assign them to different truss members, and additionally learn how to generate a tabular report of the computed results. In this problem, students are instructed to use a 2-noded linear 2-D truss element ("T2D2 Element") when meshing the model. A screenshot of the report showing the computed values of the reaction forces at the roller and pin supports, nodal displacements at the joints, as well as the axial stresses in the truss members is provided in Figure 2 . The student will have an opportunity to compare the values obtained from their FE analysis to the results from other methods of analysis such as the Virtual Work Method or Castigliano's Method. The students were exposed to these methods in the Structural Analysis courses they have previously taken.
Beam Analysis
The procedure for analyzing a beam utilizing Abaqus is next discussed in the course. One sample exercise assigned to the students is presented in Figure 3 . In this exercise, a statically indeterminate continuous beam subjected to several loads is analyzed. In addition to providing the students with additional expertise in modeling a structural member, the students are further instructed about the techniques in Abaqus by which a variety of loads can be applied to the structures in various combinations and load cases. In this problem, a 2-noded linear beam element in a plane ("B21 Element") is used in modeling the beam. This exercise also outlines a method by which the distribution of the internal reactions along the length of the beam can be plotted. One sample plot showing the moment distribution for the beam is provided in Figure 4 . Similar to the previous case, the FE analysis results for this problem can be compared against the calculated values obtained using other methods of analysis such as the Slope-Deflection Method or Moment Distribution Method.
Frame Analysis
The third type of exercise included in the course involves the analysis of a frame utilizing Abaqus. Two sample two-dimensional frame examples that could be assigned to the students are provided in Figures 5 and 8 . As stated previously, each assigned exercise in the course is selected to teach the students about a new feature of the package, a feature that was not explored in the previous exercises. For example, when analyzing the frame presented in Figure 5 , students learn how to apply an inclined distributed load and also place a roller support on an inclined surface. Each of these specific operations requires following a set of steps. Moreover in this exercise, the students learn how to cut a member to obtain the internal reactions at the cut surface. One sample cut has been presented in Figure 6 . In this exercise the students additionally become more familiarized with specific techniques for preparing tabular reports. A sample report showing the computed values of the support reactions as well as the displacements and rotations of the nodes on the frame has been presented in Figure 7 . These results are based on utilizing a "B21 Element" and correspond to the case where E = 200 GPa and ν = 0.32.
As in the previous examples, the students can be asked to compare the results from their FE analysis against the values obtained utilizing other classical methods of analysis discussed in the Structural Analysis courses.
A sample three-dimensional multi-story frame such as the one presented in Figure 9 is also intended to be used as an additional exercise to further enhance the students' competencies in analyzing a full range of structures. The specific cross sectional profiles of structural members can be inputted in Abaqus utilizing dialog boxes such as the ones depicted in Figure 10 . In addition to discovering more about the analysis of three-dimensional structures, in this exercise the students also learn more details related to displaying a variety of results such as the ones presented in Figure 9 . Included in Figure 9 is the deflected shape of the frame, along with the Von Mises stress contours produced in the frame members. The results displayed in Figure 9 correspond to the case when a three-dimensional 2-noded beam element ("B31 Element") is used to mesh the part.
In the discussed course, the students further have the opportunity to verify the accuracy of their results obtained using Abaqus to the output generated from other structural engineering software packages such as SAP2000. Verification of these results will provide the students with additional confidence in their ability to properly and effectively utilize Abaqus. 
Continuum Member Analysis
Once the students have been familiarized with the essential features of Abaqus for analyzing structural members such as the ones presented in the previous sections, they are next instructed to utilize this package to perform a FE analysis for investigating the behavior of continuum members using several other planned exercises. Two sample exercises are included in this section to further illustrate.
Lever Arm Example
In the presented exercise a lever arm containing two small cylindrical holes is subjected to two concentered load at one end and is supported by a fixed hexagonal shaped prism inclusion at the other end. The inclusion has a different material property than the lever arm. A generated three-dimensional model for this problem is provided in Figure 12 . Included in this figure are the material specifications for each of the two material types used. To create the three-dimensional model of the problem, students are first coached to develop a two-dimensional sketch that they can later extrude. The sketching and modifying tools in Abaqus along with the twodimensional sketch of the lever arm can be seen in Figure 11 . Using these tools, any combination of geometric shapes can be created, modified, dimensioned, and further edited. Introduction of students to these tools enables the students to generate the model for most any structural component they may encounter.
Once the three-dimensional model is created, the students are further instructed to partition the model using several portioning techniques and tools available in Abaqus. This partitioning provides a guide for effective meshing of the model. The specific partitions created for this problem can be seen in Figure 12 .
The procedure for meshing of a part including topics related to various meshing techniques, and selecting appropriate element shapes, element types, and seed numbers are explored in detail at this stage of the exercise, so that students fully understand this essential stage in the FE analysis of a part. A 10-noded quadratic tetrahedron element ("C3D10 Element") is used in this exercise for the main and the sub part. Figure 13 shows the meshing used along with the Von Mises stress contours for each of the two parts of the model. A special powerful feature of Abaqus allows the users to be able to cut a model with the planar, cylindrical, or spherical cut surface to reveal and examine the stress distribution in the interior of a part. Once this surface cut has been generated, it can also easily be translated along specified directions to conveniently allow the user to inspect the stress distribution at any desired location on the part. In a case where a planar cut has been used, the students can also rotate this plane surface cut around specified axes, if necessary.
Another useful feature in Abaqus allows the users to create a "free body cut" to compute the resultant force and moment at any cut surface on the continuum member. One such free body cut is shown in Figure 14 for the discussed model. This cut is generated by cutting the lever arm by a plane perpendicular to the axis of the lever arm.
Once the full set of results for the created model is successfully generated, students are further instructed on how to create a tabular report of the variables needed for any subset of the model, in the format desired.
Bolted Connection Example
In this exercise a three-dimensional FE model of a bolted joint for a full-scale two-story aluminum frame is developed and discussed. The frame assembly shown in Figure 15 is constructed in the Structures laboratory in the Civil Engineering and Construction Management Department at Georgia Southern University.
The FE model for one of the connections of the frame depicted in Figure 15 (b) is provided in Figure  17 . This model was constructed using the details obtained from the shop drawing of this particular connection provided in Fig. 16 . Figure 17(a) shows the beam and loading conditions, while Figures 17(b) and 17(C) respectively show the generated mesh and the corresponding Von-Mises stress contours. In producing the FE model of this connection, various connecting parts consisting of two I-beam girders, four gusset plates, and thirty bolts & nuts were created and assembled to accurately describe the details of the bolted connection.
Material properties of various components of the analyzed connection are provided in Table 1 . Similar to the previous exercise a 10-noded tetrahedron element ("C3D10 Element") is used in this study for all girders, plates, bolts, and nuts. Von-Mises stress contours for the bolt and nut assemblies are provided in Figure 18 along with a truncated section of the produced report showing the numerical values of some the computed stresses.
Once the students are fully familiarized with the more advanced features of Abaqus related to 100 N 100 N analyzing connected and assembled parts using the example such as the one presented above, they will be assigned to develop the FE solution for various other connections used in the discussed frame. Calculated FE analysis results can be compared against the theoretical values obtained using the AISC design codes. The assigned exercises offer the following two main advantages: (a) they enhance the competencies of students in properly applying the finite element tools and techniques in analyzing continuum members, and (b) they elevate the students' understanding of the behavior of structural connections under loads covered in other courses such as the Structural Steel Design. To make the discussed course more challenging, the students can additionally be assigned to perform the FE analysis to determine the response of the frame connections subjected to a variety of dynamically applied loads. 
Summary & Conclusion
In the presented paper a procedure for delivering a finite element analysis course in a civil engineering program using Abaqus is outlined and discussed. The newly designed course guides the students to effectively utilize various powerful features of this comprehensive package to analyze a variety of structural components using a series of easy-tofollow tutorials. Some of the special procedures included in these tutorial guides may not even be known to more experienced Abaqus users. As previously stated, the electronic documentation files that accompany the software, even though wellprepared, are not suitable for use in a course in the form presented. After mastering the essential finite element tools and techniques through performing the discussed tutorial exercises, the students are assigned additional more complicated problems to further enhance their knowledge, expertise, and competencies in using this powerful tool. Since the newly designed course has not yet been delivered, no assessment data is provided in the paper. Once the course is offered, the collected assessment results will be used to further tweak and enhance the course.
Introducing the students to the powerful features of this comprehensive package will provide them with the foundation and expertise they need to be able to pursue high level research in an academic or professional setting. This perhaps is one of the most significant outcomes of the proposed project. At the authors' institution, this tool can specifically be utilized for preparing students to conduct undergraduate research, or graduate research in the Master of Science in Applied Engineering (MSAE) program.
